The glaciation time of a mixed-phase cloud due to the Wegener-Bergeron-Findeisen mechanism is calculated using an adiabatic one-dimensional numerical model for the cases of zero, ascending, descending and oscillating vertical velocities. The characteristic values of the glaciation time are obtained for different concentrations of ice particles and liquid-water content. Steady state is not possible for the ice-water content/total water content ratio in a uniformly vertically moving mixed-phase parcel. The vertical oscillation of a cloud parcel may result in a periodic evaporation and activation of liquid droplets in the presence of ice particles during in nite time. After a certain time, the average ice-water content and liquid-water content reach a steady state. This phenomenon may explain the existence of long-lived mixed-phase stratiform layers. The obtained results are important for understanding the mechanisms of formation and life cycle of mixed-phase clouds.
INTRODUCTION
The saturation vapour pressure over liquid water is higher than that over ice at low temperatures. Therefore, the growth rate of ice particles and liquid droplets under the same conditions will be different. As a result an adiabatic colloidal three-phase component system consisting of water vapour, ice particles and liquid droplets becomes condensationally unstable and may exist during a limited period of time. At the nal stage, all the liquid droplets will evaporate and the system will consist only of ice particles and water vapour. The glaciation process due to ice growth by deposition at the expense of co-existing liquid droplets is known as the Wegener-Bergeron-Findeisen (hereafter WBF) mechanism (Wegener 1911; Bergeron 1935; Findeisen 1938) .
Interactions between ice particles and liquid droplets in mixed-phase clouds have been considered in a large variety of numerical models (e.g. Scott and Hobbs 1977; Hall 1980; Cotton and Anthes 1989; Houze 1992; Reisin et al. 1996; Lohmann and Roeckner 1996; Tremblay et al. 1996; Harrington et al. 1999; Jiang et al. 2000; Rotstayn et al. 2000; Zawadzki et al. 2000 to name a few of them). Most numerical models considering mixed-phase clouds take into account ice growth due to the WBF mechanism. However, the role of the WBF mechanism is in many ways masked by the effects of ice multiplication, riming, aggregation, and terminal fall velocity.
The purpose of this paper is to study the glaciation time of mixed-phase clouds under different conditions solely due to the WBF mechanism.
The glaciation of mixed-phase clouds has been studied in a number of works. Juisto (1971) modelled glaciation of uniformly ascending cloud parcels. Mazin (1983) theoretically studied the glaciation time for mixed clouds for a zero updraught velocity. Rauber and Tokay (1991) attempted to explain observations of long-lived narrow layers of supercooled water at cloud tops existing down to ¡30 ± C. Using a one-dimensional numerical model, they showed that the imbalance between the condensate supply rate and the bulk ice crystal mass growth rate at a wide range of updraught speeds is suf cient to produce a liquid layer near the cloud top. Tremblay et al. (1996) showed that a steady-state condition for the fraction of ice is possible for mixed cloud during ascent. As a result, a complete glaciation due to the WBF mechanism would never occur in a uniformly ascending parcel. Harrington et al. (1999) using a cloud-resolving model demonstrated that cloud layers may either collapse through rapid glaciation and precipitation from the cloud, or maintain a quasi-steady state. Removal of ice freezing nuclei (IFN) from the cloud layer by falling out ice particles appears to be of prime importance to the stability of the cloud layer. Pinto (1998) came to similar conclusions regarding the importance of IFN sources and removal using data from the Beaufort and Arctic Storms Experiment. Harrington et al. (1999) also suggested the importance of ice concentration in the evolution of mixed-phase clouds. Rotstayn et al. (2000) studied the formation of the distribution of liquid fraction in mixed clouds for zero updraught velocity. It was shown that the modelled distribution of the liquid fraction is wider as compared with that measured by Bower et al. (1996) when a supersaturationdependent parametrization of ice crystal concentration (Meyers et al. 1992) was used. Fletcher's (1962) parametrization resulted in a too high a liquid fraction. The liquid fraction was found to be sensitive to ice particle habits and the spatial inhomogeneity of ice. Zawadzki et al. (2000) modelled formations of ice and liquid water in uniformly ascending cloud parcels.
For this work, the glaciation time was simulated for the cases of zero, ascending, descending, and oscillating vertical velocity for an adiabatic mixed-phase cloud parcel with the help of a simple one-dimensional model. The obtained results are important for better understanding the mechanisms of formation and life cycle of mixed-phase clouds.
GLACIATION TIME OF MIXED-PHASE CLOUDS
(a) Case U z D 0 The glaciation time can be estimated analytically for the case of zero vertical velocity, U z D 0, when only deposition-sublimation for ice particles and condensationevaporation for liquid droplets are taken into account. Consider an adiabatic cloud volume consisting of evenly mixed liquid droplets and ice particles. For simplicity assume that the ice particles are monodisperse spheres. During the ice growth the droplets will evaporate, maintaining the water vapour pressure nearly constant and close to saturation over water. The mass growth of a spherical ice particle can be written as (e.g. Fukuta and Walter 1970) 
Here
is the supersaturation over an ice surface; E sw .T /, E si .T / are the saturation vapour pressure at temperature T over at water and ice surfaces, respectively; r i is the radius of ice particles; c is a constant 'capacitance' representing the ice crystal habit (0 < c 6 1; for ice spheres c D 1);
where L i is the latent heat for ice; E i is the vapour pressure over ice, R v is the speci c gas constant of water vapour, D.T ; P / is the coef cient of water vapour diffusion in the air, P is pressure and k.T / is the coef cient of air heat conductivity.
With these assumptions, the ice particles are growing at the expense of liquid droplets only. Therefore at the moment of glaciation (¿ gl ), the mass of all ice particles will be
Here W LWC .t 0 / and W IWC .t 0 / are initial masses of liquid and ice in the cloud volume. Hence, assuming that the ice particles are monodisperse, the individual ice particle mass at the initial moment of time t 0 D 0 is
Assuming that the number concentration of the ice particles, N i , stays constant, the mass of a single ice particle at the moment of glaciation will be
Integrating Eq. (1) from m i .t 0 / to m i .¿ gl / and substituting Eqs. (3) and (4) yields the glaciation time
where ½ i is the density of ice.
(5) will be simpli ed (Mazin 1983; Mazin et al. 2000 )
Equation (5) indicates that the time of glaciation is insensitive to a rst approximation to the size spectra of liquid droplets, and depends only on ice particle number concentration and initial liquid-water content (LWC) and ice-water content (IWC). Figure 1 shows the dependence of ¿ gl versus T for different N i calculated from a numerical model (see appendix), and that derived from Eq. (5). The calculations were done for W LWC0 D 0:1 g kg ¡1 and altitude H D 3000 m (P » D 644 mb to 685 mb depending on T ). As seen from Fig. 1 , ¿ gl has a minimum around ¡12 ± C, where the difference between the saturation vapour pressure over water and ice has a maximum. The glaciation time increases towards 0 ± C and cold temperatures where the difference E sw .T / ¡ E si .T /, and therefore S i , approaches zero.
The agreement between Eq. (5) and the numerical model is surprisingly good for ice concentrations less than 1000 l ¡1 . The error between the numerical model and Eq. (5) increases with an increase of N i (Fig. 1) . For example, for N i D 10 4 l ¡1 and N i D 10 3 l ¡1 the relative error at T D ¡15 ± C reaches about 40% and 5%, respectively. For ice concentrations less than N i D 10 2 l ¡1 , the maximum relative error between the model and Eq. (5) does not exceed 1%. Therefore Eqs. (5) and (6) can be applied for a practical estimation of ¿ gl . The agreement between Eq. (5) and the numerical model indicates that in mixed-phase clouds with no updraught the vapour pressure is close to saturation over liquid water before evaporation of liquid droplets is completed, and the rate of decrease of LWC is equal to the rate of growth of IWC.
Besides temperature, the glaciation time is also a function of pressure. decrease of pressure (an increase of height). At T D ¡40 ± C ¿ gl changes by about one order of magnitude from 0 to 10 km in altitude. The grey colour in Fig. 2 indicates the conditions where T and P change in accordance with the Standard Atmosphere for winter (stars) and summer (circles) conditions (McClatchey et al. 1972) . As seen from Fig. 2 , ¿ gl may change by a factor of two for the same W LWC and N i , depending on the altitude.
The glaciation time in Fig. 2 . If the ice particles are not spherical, i.e. c < 1, then the glaciation time should be scaled up by the factor of c ¡1 (Eq. (5)).
(b) Case U z > 0 Adiabatic cooling in an ascending parcel serves as a source of supersaturation, thus affecting the rate of growth of liquid and ice particles and resulting in changes in the glaciation time. Depending on U z , LWC may both monotonically decrease all the time or rst increase during some period of time and then decrease. This behaviour is demonstrated in Fig. 3 showing the results of the numerical model (see appendix) of LWC, IWC, and total water content (TWC) (Fig. 3(a) ), droplet and ice particle sizes ( Fig. 3(b) ) and supersaturation ( Fig. 3(c) ) versus altitude for two different velocities U z . The model was run with , at low ice concentrations, N i < 10 2 l ¡1 , D gl , and therefore its terminal velocity, may become high enough that it would fall out of the cloud making the modelling results inaccurate. This modelling problem will be discussed in more detail in section 3(a).
If the vertical velocity is high enough, then the liquid droplets may not evaporate by the time the parcel reaches the temperature of homogeneous freezing T D ¡40 ± C (Pruppacher and Klett 1997) . At this point, all droplets in the parcel are assumed to turn into ice instantly. In Fig. 4 , the glaciation time for the cases when the parcels reach the temperature below that of spontaneous glaciation is shown by dashed lines.
It is worth noting that, for U z > 4 m s ¡1 with N i < 10 3 l ¡1 for any W LWC0 , the concentration of ice particles is not enough to glaciate the cloud though the WBF mechanism, and glaciation occurs at the cloud tops through homogeneous freezing when the parcel reaches T D ¡40 ± C. This conclusion is important for understanding the mechanisms of phase transformation in convective clouds.
(c) Case U z < 0 In stratiform layers, the ascending and descending motions have approximately equal probability. Therefore, glaciation in descending parcels may play as important a role in the phase composition formation of clouds as in ascending ones.
First, consider a descending cloud parcel consisting only of liquid droplets without ice particles. Assume that all processes inside the parcel are adiabatic. During descent the temperature inside the parcel will increase due to adiabatic heating. As a result, the supersaturation becomes negative and the droplets start evaporating, reducing LWC. For the assumption that condensation inertia effects can be neglected, the LWC value will decrease following its adiabatic value. At some level the LWC will become zero. The vertical distance undergone by the parcel before complete evaporation of LWC can be found as (Korolev and Mazin 1993) 
is the adiabatic vertical gradient of liquid-water mixing ratio, P is the pressure of moist air, E s is the saturation water vapour pressure at temperature T , L is the latent heat of condensation, C p is the speci c heat of moist air at constant pressure, R m is the speci c gas constant of moist air, and g is acceleration due to gravity. For a vertical displacement within a few hundreds of metres, to a good approximation, it can be assumed that ad D const and the LWC changes linearly. If the parcel is moving down with a velocity U z , then it will reach the level of droplet evaporation during the time
In the presence of ice particles, the liquid droplets would evaporate faster, since ice particles act as an additional sink to the water vapour. Therefore, the droplet evaporation time will be smaller than that of Eq. (8), and ¿ ev ad can be considered as an upper limit for the glaciation time ¿ gl .
In Eqs. (7) and (8) it was assumed that the droplets evaporate instantly keeping the supersaturation equal to zero all the time. However, in a parcel moving down, condensation inertia, caused by a nite rate of evaporation, will cause the droplets to go a large distance as compared with 1Z ev ad before evaporation (Korolev and Mazin 1993) . Thus, the actual evaporating time ¿ ev is larger as compared with that calculated from Eq. (8), i.e. ¿ ev > ¿ ev ad . In this regard, instead of adiabatic ¿ ev ad , the glaciation time should be compared with the actual evaporation time of liquid droplets ¿ ev . Figure 5 shows changes of LWC, IWC and TWC (Fig. 5(a) ), diameters of droplet and ice particles (Fig. 5(b) ), and supersaturation over ice and water (Fig. 5(c) ) in a descending parcel having different velocities. As seen from Figs. 5(a) and (b), the smaller the downdraught velocity, the shorter the distance the parcel would pass before glaciation. It is interesting to note that in a slowly moving parcel (U z D ¡0:1 m s ¡1 ) TWC reaches a maximum and then it starts to decrease (curve 2 in Fig. 5(a) ), whereas in a fast descending parcel (U z D ¡1 m s ¡1 ) TWC decreases rst to a minimum and then starts increasing and decreasing again (curve 1 in Fig. 5(a) ). Before evaporation of droplets, the supersaturation is close to saturation over water (full curves 1 and 2 in Fig. 5(c) ). After droplet evaporation, the supersaturation over ice decreases to approximately a zero value before ice sublimation at a low velocity U z D ¡0:1 m s ¡1 (dashed curve 2 in Fig. 5(c) ). Subzero supersaturation over ice is maintained by evaporating ice particles. At a higher downdraught velocity (U z D ¡1 m s ¡1 ), the rate of change of supersaturation is so high that sublimating ice cannot maintain the supersaturation close to zero (dashed curve 1 in Fig. 5(c) ). A comparison of the ice particle size changes (dashed curves 1 and 2 in Fig. 5(b) ) also indicates that at a higher velocity (U z D ¡1 m s ¡1 ) ice particles do not reach equilibrium and their size changes slower as compared with that at a lower velocity (U z D ¡0:1 m s ¡1 ). Figure 6 shows the dependence of (a) ¿ gl and (b) D gl versus U z for different N i . As seen from Fig. 6(a) , ¿ gl decreases with an increase of downdraught velocity. The thick dashed line indicates the adiabatic value of ¿ ev ad calculated from Eq. (8). The grey line shows the actual evaporating time ¿ ev of liquid droplets with no ice calculated from a numerical model (see an appendix). For smaller downdraught velocities, when the condensational inertia can be neglected, ¿ ev ad > ¿ gl due to the effect of ice particles, which, in addition to the adiabatic heating, accelerate the evaporation of droplets. When the downdraught velocity increases, starting from a certain value, the effects of the condensation inertia become signi cant, resulting in the inequality ¿ ev ad < ¿ gl < ¿ ev . This effect can be seen in Fig. 6(a) .
The size of ice particles D gl in descending parcels decreases with an increase of the downdraught velocity (Fig. 6(b) ). The values of D gl for different N i asymptotically approach each other when the downdraught velocity increases.
(d) Independence of the glaciation time on droplet size distribution
If the effects related to the condensation inertia of droplets are negligible, ¿ gl does not depend on the shape of the droplet size distribution, but depends on its third moment, or liquid water content. Figure 7 demonstrates the independence of ¿ gl on the shape of droplet spectra. The glaciation time was calculated for a vertically moving parcel having the same initial W LWC0 but different droplet concentration and, therefore, initial droplet radius. As seen from Fig. 7 , ¿ gl stays approximately the same for all the cases with N > 50 cm ¡3 and W LWC0 D 0:1 g kg ¡1 . When the concentration of droplets becomes comparable with that of ice (curves N D 1 cm ¡3 and N D 10 cm ¡3 in Fig. 7) , ¿ gl starts to deviate noticeably from the cases when the concentration is high and the droplets are small. Typically the concentration of cloud droplets is two orders of magnitude higher as compared with the concentration of ice particles. Therefore, ¿ gl may be considered independent of the shape of the droplet size distribution for the majority of clouds.
(e) Variation of ice water fraction in a uniformly vertically moving parcel
During glaciation, the ice water fraction ¹ 3 .t / D IWC/TWC changes from 0, when the cloud is liquid, to 1 when the cloud is completely glaciated. Figure 8 shows the dependence of ¹ 3 versus normalized glaciation time, 1¿=¿ gl D .¿ gl ¡ t/=¿ gl , for different vertical velocities, calculated for W LWC0 D 0:1 g kg ¡1 , T 0 D ¡15 ± C and H 0 D 1000 m. As seen from Fig. 8 , ¹ 3 changes in a near linear manner with time when U z D 0. However, 1¿=¿ gl may be signi cantly different from the above when U z 6 D 0. Comparison of Fig. 8(a) and (b) indicates that ¹ 3 .1¿ =¿ gl / for the zero-velocity case increases with an increase of the absolute value of U z and N i . Besides U z and N i , the shape of the curves ¹ 3 versus 1¿=¿ gl depends on initial LWC, temperature and pressure. The results shown in Fig. 8 clearly indicate that no steady state is possible for 0 < ¹ 3 < 1 when glaciation occurs solely due to the WBF mechanism. ( f ) Oscillating U z Cloud parcels in stable layers may perform random or periodic uctuations related to turbulence, gravity waves, or Kelvin-Helmholtz instability. The effect of the vertical uctuations on the formation of droplet size spectra in liquid clouds was discussed in detail by Korolev (1995) . Such uctuations may completely change the scenario (Fig. 9) , N i D 100 l ¡1 (Fig. 10) , and N i D 1000 l ¡1 (Fig. 11) . The stars on the time axis (Figs. 9(a) , 10(a) and 11(a)) indicate the glaciation time for U z D 0. In the case of vertical uctuations for N i D 10 l ¡1 (Fig. 9) , the liquid droplets periodically evaporate in downdraughts and activate in updraughts keeping the cloud in mixed phase signi cantly longer as compared with ¿ gl when U z D 0. The amplitude of LWC uctuations gradually decreases until, in approximately 4 hours, it reaches its constant value of about 0.025 g kg ¡1 . By this time, IWC and ice particle diameter, D i , averaged over one cycle reach stationary values. For N i D 100 l ¡1 (Fig. 10) , the amplitude of LWC decreases more rapidly as compared with the previous case and then it stabilizes at 0.02 g kg ¡1 in approximately 1.5 hours. For the case of N i D 1000 l ¡1 (Fig. 11) after the rst cycle of evaporation, liquid droplets do not activate anymore. In all three cases, IWC after some time starts to oscillate around the same average value 0.35 g kg ¡1 , though the amplitude of the oscillations increases with the increase of N i (compare Figs. 9(a) , 10(a) and 11(a)). It is worth noting that, in all three cases, the amplitude of ice (S i ) and water (S w ) supersaturation and averaged IWC and D i reach a steady state. The amplitude of oscillations of IWC and D i increase and that of S i decreases with an increase of N i . Such dependence is related to the rate of water vapour absorption or release by an ensemble of cloud particles. The characteristic time of changes in water vapour due to condensation processes, or the time of phase relaxation, ¿ ph , is proportional to 1=N i D i (Mazin 1968) . As ¿ ph gets lower, cloud particles absorb or release water vapour faster. Therefore, a cloud parcel having a larger ¿ ph would have . Changes of (a) ice-water content and liquid-water content (a star on the time axis denotes glaciation time for zero vertical velocity), (b) ice particle diameter, and (c) supersaturation over ice and water.
larger condensation inertia and it will be less sensitive to the changes of supersaturation caused by external factors, as compared with a parcel having smaller ¿ ph . After the IWC reaches a steady state, the average diameter of ice particles for the case N i D 10 l ¡1 will be about D i D 400 ¹m (Fig. 9 ). For the case N i D 1000 l ¡1 shown in Fig. 11 , the average diameter will be about D i D 80 ¹m. Therefore, ¿ ph is 20 times higher for the case shown in Fig. 9 as compared with that in Fig. 11 . This explains the smaller amplitudes of IWC and D i and larger amplitudes for S i in Fig. 11 as compared with that of Fig. 9 . Since the ice particles at lower concentrations have less capability to adapt to changes of supersaturation, the supersaturation at a certain point may exceed saturation over water and result in activation of liquid droplets (Figs. 9 and 10 ). Numerical modelling showed that the activation of liquid water in a vertically oscillating parcel in the presence of ice particles depends on N i , W LWC0 , c, T 0 , H 0 , u r , and the radius of oscillations R. A decrease of the ice particle shape factor c would result in activation of liquid droplets at higher N i . 
DISCUSSION (a) Limitations of the WBF mechanism in cloud glaciation
The glaciation of a mixed-phase cloud as considered in section 2 is rather simpli ed and it does not take into account such important phenomena as the ventilation effect (Keller and Hallett 1982; Alena et al. 1990) , riming (e.g. Takahashi and Fukuta 1988) , the effect of ice particle shape on the growth rate (e.g. Mason 1994), terminal fall velocity (e.g. Locatelli and Hobbs 1974) and ice nucleation, entrainment and mixing. A detailed review of the above subjects can be found by Pruppacher and Klett (1997) . The ventilation effect and riming would result in an enhanced growth of the ice particles and a reduction of the droplet number concentration, which would decrease ¿ gl . The particle habit is related to the temperature and supersaturation (e.g. Nakaya 1954; Kobayashi 1957; Hallett and Mason 1958; Rottner and Vali 1974; Fukuta and Takahashi 1999) . Since in our case the supersaturation is close to that over water, the growth rate is expected to be dependent on temperature only. The rate of mass growth is rather close to Maxwellian (Eq. (1)) (e.g. Fukuta and Takahashi 1999) . That supports the use of Eq. (5) as an estimate of ¿ gl . Ice nucleation and ice multiplication (Hallett and Mossop 1974) Figure 11. Same as in Fig. 9 . but for N i D 1000 l ¡1 .
may affect ice particle concentration that would reduce ¿ gl . The terminal fall velocity would reduce the residence time of ice particles in the cloud volume that would lead to an increase of ¿ gl . Pinto (1998) and Harrington et al. (1999) suggested that ice particles falling out of a cloud might signi cantly increase ¿ gl . The above mechanisms may both increase and decrease ¿ gl . In a complex way, the resulting effect depends on a number of different parameters, e.g. size distributions of ice particles and liquid droplets, LWC, T , H , etc, so there is no unambiguous answer on how the actual glaciation time would relate to that derived for the WBF mechanism only. Therefore, ¿ gl derived in this study should be considered only as an estimate.
Changing some of the constants used in the growth rate of ice particles may affect ¿ gl . The 'capacitance' c used in the ice crystal growth equation was set to c D 1 to represent spherical particles. Depending on the particle habit, c may vary in the range 0 < c < 1. Reducing c would increase ¿ gl linearly with c ¡1 for the case U z D 0 (Eq. (6)). If U z 6 D 0 ¿ gl would change nonlinearly with c ¡1 . Ice particle density was nominally set to ½ i D 900 kg m ¡3 . Reducing ½ i also increases ¿ gl . The coef cients of thermal accommodation, ice deposition and condensation were set to 1 in Eqs. (1), (A.4) and (A.5). Changing these coef cients has only a small effect.
Due to the idealized assumptions used in this study, the model is expected at certain points to break down with unrealistic results. For example, because of large ice particle fallout, complete cloud glaciation may never occur. The terminal fall velocity of an ice particle is governed mainly by its shape and dimensions. Figures 4(d) , (e) and (f) and 6(b) show D gl at the moment of glaciation ¿ gl . As seen from Figs. 4(d) to (f) the sizes of ice spheres at N i D 1000 l ¡1 and W LWC0 D 0:1 g kg ¡1 vary in the range 60 ¹m < D gl < 220 ¹m. The terminal fall velocity U fall of such spheres varies as 0.1 m s ¡1 < U fall < 0:7 m s ¡1 , respectively. Since a sphere gives the smallest size for the same mass, it is expected that real ice particles would have larger sizes, and their terminal fall velocity will be lower. On the other hand, the fall velocity of 1 mm unrimed aggregates of plates, bullets and columns does not exceed 0.7 m s ¡1 (Locatelli and Hobbs 1974) . The initial size of the ice particle was set to D i0 D 1 ¹m. Thus during glaciation the size of ice particles changed in the range D i0 < D i < D gl . The average velocity of growing ice particles can be roughly estimated as 50% of the fall speed at the moment of glaciation. In order for glaciation to occur, the ice particles should stay in the parcel all the time. For the case N i D 1000 l ¡1 and W LWC0 D 0:1 g kg ¡3 the glaciation time varies from 200 s to 1200 s (Fig. 4(b) ). Therefore, the size of the parcels can be estimated as 1x » ¿ gl U fall =2, which yields 10 m < 1x < 420 m. The size of such cloud parcels and their lifetime, determined by ¿ gl , look realistic for both stratiform and convective clouds. However, concentrations of ice particles lower than 100 l ¡1 would result in larger ¿ gl , D gl (Fig. 4) and, therefore, larger U fall , and unrealistically large cloud parcel sizes 1x > 10 3 m. As a result, at such concentrations, the modelling of the glaciation due to the WBF mechanism may break down.
In order for cloud (or cloud parcel) glaciation to occur due to the WBF mechanism, the residence time of cloud particles should be no less than the glaciating time. If this condition is not satis ed then the glaciated clouds at T > ¡40 ± C would never be observed. The glaciation of a cloud at N i < 10 l ¡1 would require about a few hours (Figs. 1 and 4(a) ). This time looks unrealistically high since ice particles would grow to large sizes and therefore they would have a higher terminal fall velocity (Figs. 4(a) and (d)) which would reduce their residence time inside the cloud.
Recent studies of the phase composition of stratiform clouds by Korolev et al. (2003) suggest that glaciated clouds are observed rather frequently at ¡35 ± C < T < 0 ± C. The mean volume diameter of particles in glaciated clouds was found to be about 20 ¹m to 40 ¹m (Korolev et al. 2003) and their concentration about 2-5 cm ¡3 (Gultepe et al. 2001; Korolev et al. 2003) . The results of modelling and experimental observations of microstructure of mixed and ice clouds (Korolev et al. 2003) suggest that the WBF mechanism in some cases may be solely responsible for glaciation of natural clouds.
(b) The effect of cloud dynamics on mixed-phase composition Modelling of mixed-phase transformation in Figs. 9-11 indicates that after some time IWC and LWC may start oscillating around some average values, which stay constant with time. This yields an important conclusion that phase transformation in a uctuating up-and-down parcel is signi cantly different as compared with a uniformly moving parcel. Early works by Bergeron (1935) and Findeizen (1938) suggested that at U z D 0 the mixture of ice and liquid droplets is fundamentally unstable. As was shown above, the same conclusion is valid for a vertically moving parcel having a constant velocity. However, for an oscillating U z under certain conditions, it is possible to achieve a periodic evaporation and activation of liquid water keeping the system, on average, in a mixed-phase condition during an in nitesimally long time. In this case we may speculate that a steady-state condition for a mixed phase may be reached on average for a vertically uctuating parcel. The steady-state condition is not achievable in principle for a uniformly vertically moving parcel. This conclusion is very important for understanding phase transformation of clouds and the characteristic time of glaciation. Based on this numerical modelling, it is hypothesized that turbulent clouds, or clouds with regular motions generated by gravity waves of Kelvin-Helmholtz instability, would stay longer in a mixed condition as compared to 'quiet' ones. Vertical oscillations may also provide an additional explanation for the long-lived mixed-phase stratiform sheets discussed by Rauber and Tokay (1991), Harrington et al. (1999) , and Pinto (1998).
CONCLUSIONS
In this study the following results were obtained:
(a) For the case U z D 0, the glaciation time through the Wegener-BergeronFindeisen mechanism is proportional to .W LWC0 =N i / 2=3 , and to a rst approximation does not depend on the shape of the droplet size distribution. The characteristic time of glaciation is about 10 2 s for W LWC0 » 0:1 g kg ¡1 and N i » 10 3 l ¡1 for the assumption that ice particles are spheres (c D 1). If N i < 10 2 l ¡1 then ¿ gl > 10 3 s, i.e. the cloud may stay in a mixed condition for hours. For non-spherical particles ¿ gl should be scaled proportional to c ¡1 .
(b) The glaciation time in updraughts is a complex function of initial T 0 ; P 0 ; W LWC0 ; N i ; c and U z . The glaciation time may both increase and decrease in updraughts with an increase of U z . The glaciation time in descending parcels increases with an increase of downdraught velocity. Numerical modelling shows that glaciation in convective clouds having N i < 1000 l ¡1 and U z > 4 m s ¡1 would never occur through the WBF mechanism before it reaches a level with T D ¡40 ± C. After this, glaciation occurs through spontaneous freezing.
(c) No steady state is possible for IWC/TWC in a uniformly vertically moving mixed-phase parcel.
(d) The vertical oscillation of a cloud parcel may result in a periodic evaporation and activation of liquid droplets in the presence of ice particles. After a certain time, the average IWC and LWC reaches a steady state. This phenomenon may explain the existence of long-lived mixed-phase stratiform layers. the energy conservation equation, Equations (A.1)-(A.5) employed the following symbols: P , pressure of moist air; T , temperature; q v , q l and q i , water vapour, condensed liquid and ice mass per unit mass of dry air, respectively; U z , vertical velocity; r, cloud particle radius; g, acceleration of gravity; L l ; L i , latent heat for liquid and ice, respectively; N l ,N i , total number of droplets and ice particles in a closed volume of air per unit mass, respectively; R m ; R v , speci c gas constant of moist air and water vapour, respectively; C p , speci c heat capacity of moist air at constant pressure; S D E=E s ¡ 1, supersaturation; E, vapour pressure far from a cloud particle; E s .T /, saturation vapour pressure above a at surface of water or ice; c is a constant 'capacitance' representing the ice crystal habit (c D 1 for spheres);
coef cients in liquid and ice growth Eq. (A.4) and (A.5), respectively; D, the coef cient of water vapour diffusion in air; k, the coef cient of air heat conductivity. For k.T / and L.T / the dependence on temperature was taken into account. For D.T ; P / both temperature and pressure were considered. Subscript l and i refer to liquid and ice, respectively. The ice particles in the above model were assumed spheres, having initial size r i .t 0 / D 1 ¹m. If not speci ed in the text or gure captions, the droplet number concentration was N l D 100 cm ¡3 .
